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Abstract Retention of intron 8 id alternative HER-2 mRNA 
generates an inhibitory secreted Bgand, Herstatin* with a novel 
receptor-binding domain (RED) encoded by tfu* intron. This 
study examines binding interactions with several receptors and 
Investigates sequence variations in intron 8. The RBD, expressed 
as a peptide, binds at nM concentration* to HER-2, the EGFR, 
AEGFR, HER-4 And to the 1GF-1 receptor, but not to HER-3 
nor to the FGF-3 receptor, whereas a rare mutation in the RBD 
(Arg to He) eliminates receptor binding. The f nil-length Herst- 
atin hinds with 3-4-fold higher affinity than its RBD, hot frith 
~1 0-fold lower affinity to the IGF-IR. Sequence conservation in 
rhesus monkey but not in rat suggests that intron 8 recently 
diverged as a receptor-binding mod ok critical for the function of 
Herttatin. 

© 2004 Federation of European Biochemical Societies, Published 
by Elsciier B.V. All rights reserved, 
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1. Introduction 

The ErbB receptor family consists of Four receptor tyrosine 
kinases; EGFR (HER-1, erbB-I), HER-2 (crbB-2X HER-3 
(crbB-3) and HER-4 (erbB-4). Aberrant expression of ErbB 
receptors by mutational activation, receptor overcaprcssion, 
and tumor production of ligasds contributes to the develop* 
meat and maintenance of a variety of human cancers [1,2]. 

The ErbB receptors are activated by several Kgands con- 
sisting of an EGF core domain [3]. The exception is the HER-2 
receptor, which is recruited as a preferred dimer partner with 
other Hgand binding erbB receptors. While Che eleven mam- 
malian EGF-Ekc ligands are all agonists, the ligand Argos, in 
DrosophilQi inhibits activation of the EGFR [4,5]. 

Although the HER-2 receptor does not directly bind EGF- 
like Hgands, a secreted product of an HER-2 alternative 
transcript, Herstatin, binds withuM affinity to the ectodomain 
of HER-2- Herstatin consists of a segment of the HER-2 ec- 
to domain followed by 79 novel amino acids, encoded by intron 
8, which function as a receptor-binding domain (RBD) [61. 
Herstatin blocks homomcxic and heteromeric ErbB receptor 
interactions, inhibits activation of the PI3KyAkt pathway ini- 
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tiatcd by EGF, TGF-oe, and Herregulin, and causes growth 
arrest suggesting potential as an anti-cancer agent [6-9], 
However, no study has yet addressed the receptor sprancity of 
Herstatin. To identify receptor binding targets and to further 
assess the significance of the novel intron 8 -encoded RBD, we 
investigated binding to several receptors expressed m trans- 
feded cells, examined the consequence of a rare mutation in 
intron 8, and compared the sequence in human, rat and rhesus 
monkey. 



2. Materials and methods 

2.1. Cell lines, transfectfonr, and rVesicrnbJtn* 

The 3T3/HER-2 cells were previously described [10). The 3T3/IGF- 
1R cells were from Dr. Charles Roberts, OHSU, Portland, OR^ For 
transient transFectioijs* 2 ug of empty vector Or 2 ug EGFR, HER-2, 
HER-3, HER-*, AEGFR, or FGFR-3-myc expression vectors was 
added whh IJpofcctamint (GibCO-BRL) to Cos-7 cells in 6 well plates. 
The HER-2 and EGFR expression plasmids were previously described 
[7], AEQFR was a gift from Dr. Webster Cavencc (Ludwig Intitule, 
UCSD, La Jolla* CA). the FGFR-3-myc construct was from Dr, Wil- 
liam Horton (Shrincrs Research Hospital, Portland, OR), and the 
HER-4 expression pJ&Smid was a gift Of Dr. Nancy Hynes (Fried rich 
Miescher-InStitUte for Biomedical Research, Basel, Switzerland). To 
analyze receptors by Western Wot analysis* proteins were reserved by 
SDS— PAGE and electro-transferred onto nitrocellulose membranes 
(BioRad, Hercules, CA). Blots were blocked in 5% milk and incubated 
wflh primary antibody overnight at 4 °C. The antibodies included anti- 
HER-2 [1 1\ anti-EGFR, Mti-HER-3, end ami-HER-4, which were all 
rabbit poryclonal antibodies against the receptor C-termina] domains 
(Santa Cm* Biotechnology). Antibodies against the 0-subumt of 1GF- 
IR were from Dr. Charles Roberts. After wasting, the bJols were in- 
cubated with secondary antibody conjugated to HRF for 30 min 
(BioRad, Hercules, CA). The membranes were developed with Super- 
Signal West Dura (Pirate, Rockford, 1L) and exposed to X-ray film. 

2.2. Sequencing of intron 8 

Human genomic DNA was obtained from blood samples (supplied 
by Dr. David Henner, OHSU) from individuals 18 years or more, after 
giving informed consent, with approval by the Institutional Review 
Board of OHSU. The samples, assigned random four-digit numbers,, 
could not be traced to patient Identity. The polymerase chain reaction 
(PCRX purification and sequencing were carried out exactly as previ- 
ously described [6]. Electrophero^rams were indrwdually reviewed to 
detect polymorphic alleles. Samples found to contain a polymorphism 
were sequenced at feast twice to confirm the mutation. Rhesus monkey 
DNA, provided by Dr. Scott Wong {ORPC, Portland, ORX was am- 
plified and sequenced in the same maimer. In iron 8 in rat genomic 
DNA was amplified by PCR using rat specific primers: 5'- 
CTACCTGTCTACGGAAGTGG-r and y-TTCCGGGCAGAAAT- 
GCCAGG-3'- The cycling parameters were: 94 "C for Vf\ 62 *C for 
30"; and 72 *C for 60", for 25 Cycles. 
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23. Expression and purification ofintron 8-cncoded peptide (JntB) and 

The mtrOn 8 cDNA was cloned into ibe pET30 baclenal expression 
vccior (NovagEn, MadisOn. WJ\ expressed in bactena (BL-21), and 
purified by nicJccl affinity chromatography as described [6], For puri- 
fication of insccL HcralaUn, S2 bisect cells, Stably transfected with 6x 
His tagged-HersUiun in the pMT/BiP expression plasmid UnvilrogCn* 
Carlsbad, CA), were induced wilb 100 pM cupric sulfate for ~16 h- 
1-lersLaiin was purified lo -90% purity by Ni-NTA (Qiaaen, Valencia, 
CA) affinity chromatography as previously described [8], 

2.4. Cell binding studies 

About 2 x 10* cells in 6-well plates were incubated with purified 
Herstalin or intfi peptide for 2 h at 4 B C in semm-frce media. Cells were 
washed with phosphate-buffered saline (PBS) and exlnicied in 50 mM 
Tris-HCl. pH 7.0. and 1 .0% NP-40. IntS peptide or Hwst&tjn bonnd lo 
cells was quantified nsing a sandwich Herstatin ELlSA as per the 
manufacturer's instruction* (Upstate Biotechnology, Lake Flacid\ 
NY}- The dissociation constant (Km) and maximal binding (Ann) of 
Hersialin Or the mt8 peptide were determined by nonlinear regression 
analysis Of the plot of pmoi of bound versus nM of Herstatin or intS 
peptide added. Statistical comparisons between different binding 
curves wcrt performed by extra sumS-Of-squarcs F-lest on nonlinear 
regression coefficient;. All tests were performed fa = 0-05) using 
GraphPad Prism 4 software (GraphPad Software, l9?4-2003). 

2.5. Pull-dawns with irttS peptide immobilized on protein S agarose 
About 100 ul of a 50% suspension of S-protein agarose (Novagcn) 

was incubated with or without 100 ug of in 1 8 peptide wiih an S-proteiA 
tag, 3t room temperature for 1 b, and then washed twice with 500 ul 
PBS. The agarose samples were then incubated at room temperature 
for 1 h with 200 \\g of Irwisfectcd Cos-7 ceil extract and washed twice 
with 500 Ml of PBS with 1% NP40. The proteins were eluled from the 
resin at 92 "C for 2 rain in 40 pi of SOS-sample buffer and analyzed as 
a Western blot. 



3. Results 

3.1. Sequence of human, rhesus monkey, and rat intron $ 
Herstatin is generated by retention of HER-2 intron 8, 

which encodes the unique C-tcrniinaJ proline-rich domain of 
79 ammo adds (Fig. 1). Because of its critical function in re- 
ceptor binding [6], wc sequenced genomic HER-2 intron & 
from 214 humans, rhesus monkey, and rat. The HER-2 intron 
8 deduced amino acid sequence, originally determined from 
SK0V3 ovarian cancer cells (AF1 77761), was found to be the 
most common in germ line DNA. In addition, we identified a 
sequence variation in intron 8 (Gl 1 12T in AF1 77761) resulting 
in an Arg to Dc substitution at residue 31 hi Fig. 1. This mu- 
tant allele was found in only one of 21 5 (<0_5%)_ The deduced 
amino acid sequence ofintron S from rhesus monkey was S5% 
identical to that of humans (Fig. 1) and the nucleotide se- 
quence, up to the stop codon, was 93% identical. However, 
there was no conservation between rat and human intron S 
(Fig, IX in contrast to the HER-2 receptor coding sequence* 
which is highly conserved in rat neu [12], 

3.2. Receptor binding of the HER-2 intron Encoded peptide 
To identify other potential receptor targets of Herstatm, we 

examined binding of the intron 3 -cn codec* RED, expressed as a 
bacterial peptide (Jnt8). Protein S agarose, with or without 
immobilized intS peptide, was incubated with extracts from 
Cos-7 cells transiently transfected with several different recep- 
tors. Following washing steps, the protein bound to the agarose 
was analyzed as a Western blot with receptor-specific antibod- 
ies. As previously observed [6,7], EGFR and HER-2 from the 
transfected cell extracts bound specifically to the agarose with 
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Human; 1 1 

Human: 1 GTHSLPPRPAAVPWmMQP0PAHPVLSFLRP$WDLVSAF40 

Rhesus: 1 C N I P *- 

RSt 1 GTQPHSKTSLVHPALAstop 

Human: 41 YSLPLAFLSPTSVPlSPVSVGRGPDPDAHVAVDLSRYEGstop 
Rhesus 41 C L MS OL N C Stop 

fig. 1 . The deduced ammo add sequence encoded by HER-2 (ErbB-2) 
intron B. Alignments are with the most common human intrOn 8 se- 
quence from 214 individuals with non-conserved residues shown, 

intS peptide (Fig. 2A), In contrast, the mt8 peptide with the Arg 
to He mutation at residue 31 (see Fig. 1) did not pull-down the 
HER-2 receptor (Fig- 2B). Fig. 2A also demonstrates that 
AEGFR, a tumor variant of the EGFR Trussing its N-tenninal 
subdomams I and II [13), specifically associated with mt8 pep- 
tide. Another member of the erbB family, HER^, was also 
pulled-down by btB. However, there was no detectable asso- 
ciation of HER-3 with ralS peptide agarose despite abundant 
expression in the transfected cells (Fig- 2A). We also investi- 
gated the possible mleraction with the IGF-1 receptor {IGF- 
IR), which contains regions of ectodomain sequence homology 
with the EGFR [14). Interestingly, we observed specific pull- 
down of the IGF-IR from transfected cell extracts (Fig. 2A). 
The FGFR-3* a receptor tyrosine kinase with Ig~likc motifs and 
no structural homology with the ErbB family ectodomains, did 
not bind to the intS peptide. 

To further examine interaction of the intS peptide with the 
extracellular domain of receptors at the cell surface,, an 
Herstatin EWSA was used to quantify bound peptide. In 
agreement with result* obtained by the pull-down assay, the 
irjtS peptide bound in a specific and dose-dependent manner to 
EGFR, HER-2, HER-4, and AEGFR, but not to HER-3, 
FGFR-3, or mock-vransfected cells (Fig. 2Q. Binding affinities 
were further characterized by generating saturation-binding 
curves. Int3 peptide bound to HER-2 transfected Cos-7 cells 
(fa = 50 ±6 "M) and to EGFR transfected Cos-7 cells 
(fa = 78 d= 10 nM) with binding affinities* assessed by com- 
parative nonlinear regression analysis, that were not signifi- 
cantly different (P - 0.40) (Fig. 3A). Further, intS peptide 
bound Lo the IGF-IR/3T3 cells (^ = 70 ±21 nM) and to 
HER-2/3T3 cells (fa — 66 ±16 nM) with similar aJJmities 
(p = 0.96) (Fig. 3B). In contrast, the mutant int8 peptide with 
Arg31Ile did not significantly bind to the HER-2 receptor 
overexpressing cells at any of the peptide concentrations tested 
(Fig. 3C) even though the Herstatin ELISA detected the wild- 
type and mutant peptide equally (Fig. 3D). These results 
suggested that the intS peptide bound to EGFR, HER-2, and 
IGF-IR with overlapping binding affinities and that the Arg- 
He mutation inhibited receptor binding without destroying 
antibody binding epitopes. 

3.3. Receptor binding properties of fuR-length Herstatin 

The full-length Herstatin bound to 3T3/HER-2 cells with a 
K d = 14.7 ± i.g nM, which is significantly different from the 
binding affinity of bit 8 peptide (P < 0.0001) by 3-4-fold. A di- 
rect comparison of the binding of Herstatin to 3T3/HER-2 and 
3T3/IGF-1R cells revealed that the affinity for the IGF-IR 
(fa ~ 151 nM) was lower {P < 0.0001) by about 10-fbld 
(Fig- 4A). The dissociation constant of Herstatin for EGFR was 
similar to that of HER-2, and was unaffected by Jigand occu- 
pation indicated by a fa = 1 $A ± 3.6 nM versus 1 6.3 ± 3.6 nM 
(rtspex^fvcly) for Cos-7/EGFR treated or not with 10 nM EGF 
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Fie. 2 Binding of intron 8-enC0d«d peptide lo difitexent receptors expressed in transTected Cells, (A) Extracts from lransfected Co 5-7 cells were in- 
cubated with protein S agarose without or wiih immobilized wild-type or (Bl- R3 II mutant intS, Associated proteins were analyzed as a Western blot, 
(Q Transfected Cos*7 cells were incubated with purified intB Tor 2 h at 4 6 C in serum-frcc media, cells were washed, extracted, and analyzed by 



Herstatin ELISA- 



(Fig. 4B). Hcrstalwi bound with saturation to endogenous re- 
ceptors in A431 epidermoid carcinoma cells, which express very 
high levels of EGFR and low levels of other ErbB receptors 
(Fig. 4Q- At saturation, 6.9 ± 0.4 prool of Herstatin were pound 



indicating ~1 x If/ binding sites/cell, which matches the num- 
ber of EGFR per A431 cell at 2 x10 s [15]- Comparison of 
nonlinear models indicated that a hyperbolic one affinity-site 
binding model was the best fit for EGFR-spedfic binding of 
Herstatin, in the presence and absence ofEGF. 




Fig. 3l Saturation binding curves of in tr on & peptide to cells transfected 
with HER-2, the EGFR k and the 1GF-TR. Different amounts of pu- 
rified mt8 Were added to the Indicated cells and bound peptide was 
quantified by Herstatin ELISA. Nonlinear regression analysis of 
binding data was used to determine the dissociation constants (Kd) and 
maximal amount bound. In (A) parental (Cos7) or transiently trans- 
fected Cos-7-HER-2 or Cos7-EGFR cells, or in (B) 3T3 ceDs or stably 
Lransfected HER2-3T3 or IGF-IR-3T3 cells were used- Jn (Q wild- 
type Or R3II muiant Intff peptides were incubated with HER2-3T3 
cells. In (D) indicated amounts of wild-type Or R31I peptides were 
Incubated in an Herstatin ELISA. 



4w Discussion 

We present evidence that intron 8 of the HER-2 gene, retained 
in an alternative HER-2 transcript encodes a receptor binding 
domain. We also report that a non-lethal, point mutation of 
unknown physiological significance, resulting in Arg to He in the 
intron ^-encoded domain, eliminates binding to the HER-2 re- 
ceptor. Unaltered interaction of this mutant RBD with two 
monoclonal antibodies in an ELISA suggested that global 
structure was una fleeted and that this Arg residue may be di- 
rectly involved in receptor binding. "While the intron B encoded 
domain is critical for receptor binding, it docs not appear to 
.affect receptor activity suggesting a requirement for the N-ter- 
jninal subdomains I and 11 of Herstatin for receptor inhibition 
[6] (Shamieh and CEn ton, unpublished observations). 

While the intron 8-encodcd RBD is critical for the receptor 
binding activity of Herstatin* it is not conserved between hp- 
mans and rats despite the high degree of sequence identity 
between the HER-2 receptor and its rat ortholog, neu. There 
are distinct regions in their ect ©domains, however, with very 
little identity [12]. An additional distinction is that the rat neu 
receptor is activated as an oncogene by a single point mutation 
in the transmembrane domain, while the human ortholog, 
HER-2, is oncogenic without aberrations in the coding se- 
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HtflMuHn Added 0)M) 

Fig. 4, Saturation binding curves of Herstatin to cells expressing dif- 
ferent receptors. Herstatin purified from S2 insect Cells was incubated 
with: (A) 3T3 cells, HER-2-3T3, ot JCF-IR-3T3 ceHs or in (B) wjto 
parental or transiently transacted Cos-7-EGFR cells serum Starved for 
24 h and then treated Or not for 2 h on ice with 10 nM EOF, or in (Q 
A431 epidermoid carcinoma cells. 



quence [16]. Furthermore, the activating mutation is not 
functionally equivalent when introduced into HER-2 [17,18], 
These collective observations point to differences in regulation 
of the human HER-2 receptor versus its rat ortholog, neu. 

Specific binding of the RBD suggests thai the HER-4 re- 
ceptor will be a target of Hcrsiatm. Since Herstatin binds to 
and blocks the dimcrization of the EGFR and HER-2, we 
predict that Herstatin will have a similar effect on the struc- 
turally similar HER-4. Effects of Herstatin on HER-4 activa- 
tion and signaling arc currently under investigation. Lack of 
Herstatin binding to the other ErbB family member, the HER- 
3 receptor, was surprising. HER-3 is unique, however, since it 
is kinase deficient and requires an active receptor partner to 
signal. The Herstatin binding she may be disguised when 
HER-3 is overexpresscd without a dimcr partner. The binding 
of Herstatin to the IGF-IR with nM affinity was unforeseen, 
since ligands do not typically cross-react with receptors from 
different families- Interestingly, toe IGF-IR has regions of 
ectodomain sequence homology with the EGFR and crosstalk 
occurs, most notably, with transacdvacion of the EGFR by 
IGF-1 [19 and references foctein]- Our finding that the binding 
affinity of Herstatin, hut not its RBD, is significantly weaker 
for IGF-IR than for HER-2 or the EGFR suggests that sta- 
bilizing interactions between the N-terminus of Herstatin and 
the receptor ectodomain are lacking* Since IGF-IR does not 
have a homologous dimerization loop [14], contacts between; 
the IGF-IR ectodomain and the dhnexwation arm in subdo- 
uiarn II of Herstatin may be prohibited. The physiological 
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significance of Herstatin binding to the IGF-IR remains to be 
determined. 

In addition to Herstatin, there are several other examples of 
alternative forms of ErbB receptors that are created by jptron 
read-through [20,21], Creation of truncated receptors fused to 
novel C-tenninal domains by read-through into introns rcp- 
' resents a novel regulatory mechanism important in the diver- 
sification of receptor signaling. So far, Herstatin Is the only 
known alternative receptor product thai functions as a ligand 
and is the only mammalian secreted ttgand thai inhibits the 
EGF receptor family [18 P 22,23]. 
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